Polycomb group member protein BMI1 is involved in maintaining cell identity, proliferation, differentiation and human oncogenesis. In the present study, we determined BMI1 mRNA expression in whole blood and evaluated the impact of the expression level on the treatment response and survival of 96 advanced NSCLC patients treated with first-line platinum-based chemotherapy. We also determined BMI1 mRNA expression in primary tumors from 22 operable NSCLC patients treated with radical surgery. We found that compared with control subjects, BMI1 mRNA expression in whole blood of advanced NSCLC patients was decreased (P<0.001). Similarly, we observed decreased BMI1 mRNA expression in primary tumors compared to normal lungs from operable NSCLC patients (P=0.001). We found high BMI1 mRNA expression in blood was associated with longer progression-free survival (PFS) (P=0.049) and overall survival (OS) (P=0.012) in advanced NSCLC patients treated with first-line platinum-based chemotherapy. However, no association between the BMI1 mRNA level and response to chemotherapy was found (P=0.21). Multivariate Cox proportional hazards regression analysis showed elevated BMI1 mRNA level in whole blood was an independent prognostic factor for longer PFS (P=0.012) and OS (P<0.001). In conclusion, BMI1 mRNA expression in whole blood might represent a new biomarker for the diagnosis and prognosis of NSCLC.
INTRODUCTION
Lung cancer is the most frequently diagnosed cancer and the main cause of cancer-related mortality worldwide. The disease accounts for more than 1.8 million newly diagnosed cancer cases globally (13 % of the total) and is estimated to be responsible for nearly 1.6 million deaths (19 % of the total) [1, 2] . Lung cancer prognosis remains poor, with an overall 5-year survival in Europe of only 13 % [3] . Non-small cell lung cancer (NSCLC) accounts for approximately 85 % of all lung cancer cases [4] . Regardless of the histological subtype, NSCLC represents one of the most genomically diverse cancers, which has led to the recognition of multiple clinically important biological subtypes [5] . Due to the aggressive nature of the disease and the lack of effective screening methods, most NSCLC patients are diagnosed with advanced, incurable disease, and the prognosis of patients with advanced NSCLC without recognizable oncogene drivers remains poor, with a median overall survival of only 10-14 months for patients treated with standard platinum-based chemotherapy [6] .
Dissemination of cancer cells via the blood circulation is the key step in the progression of solid tumors, including NSCLC. Various studies have shown that circulating cellfree tumor nucleic acids, such as circulating tumor DNA (ctDNA), circulating RNA or microRNAs, reflect the same genetic characteristics as the primary tumor and/ or metastases and may serve as non-invasive biomarkers for monitoring tumor spread and resistance to systemic treatment during the disease course [7, 8] . In addition, gene expression profiling in peripheral whole blood is frequently used to identify new biomarkers for different forms of human diseases and RNA-stabilized whole bloodbased technologies have also been applied for lung cancer early detection, diagnosis and prognosis [9] [10] [11] [12] . The main advantage of this approach is related to the presumption that RNA from dead cells is rapidly degraded by RNases; thus, most detectable transcripts are considered to originate from viable cells [13, 14] . Real-time quantitative PCR (RT-qPCR) is a powerful tool for mRNA quantification. Although RT-qPCR provides less genetic information than array [15] or sequencing [16] technologies, it is also less costly; therefore, analysis of only one to a few genes simultaneously might be applied for continuous monitoring of disease progression in a routine clinical setting [17] .
B-lymphoma Moloney murine leukemia virus insertion region-1 (BMI1) is a member of the human polycomb group (PcG) proteins that maintain gene repression through chromatin modification, resulting in epigenetically silenced genes. These proteins have an essential role in maintain ing cell identity, growth and differentiation [18] , as reflected by the fact that an abnormal BMI1 expression pattern is linked to oncogenesis. Indeed, altered BMI1 expression has been frequently described in hematological malignancies [19] [20] [21] as well as in human solid tumors [22] [23] [24] [25] .
In our previous study, we showed that BMI1 mRNA expression in primary NSCLC tumors is positively associated with BMI1 mRNA expression in peripheral whole blood of operable NSCLC patients, suggesting the potential of measuring BMI1 mRNA in whole blood as a surrogate marker of tumor progression [26] . Accordingly, the aim of our current study was to assess BMI1 mRNA expression in whole blood and to evaluate its impact of expression levels on treatment response and prognosis in advanced NSCLC patients treated with platinum-based first-line chemotherapy. We also compared BMI1 mRNA expression between primary tumors and normal lung tissue of operable NSCLC patients treated with radical surgery.
RESULTS

Patient and treatment characteristics
The clinical and treatment characteristics of 96 advanced and 22 operable NSCLC patients included in the study are summarized in Table 1 . The median age of the advanced NSCLC patients was 62 years (range 39-79 years), and 57 of the 96 patients (59.4 %) were male. The majority of patients exhibited good PS (PS<2; 85/96; 88.6 %) and were current or former smokers (82/96; 85.4 %). Of the 96 patients, 65 (67.7 %) had adenocarcinoma, and 25 (26.0 %) had squamous cell carcinoma histology. All of the patients received first-line platinum-based chemotherapy. Most of the patients received the platinum-pemetrexed regimen (55/96; 57.3 %) or platinum-gemcitabine (38/96; 39.6 %), whereas others received either the platinum-taxanes (2/96; 2.1 %) or platinum-etoposide (1/96; 1.0%) chemotherapy regimen. The median number of chemotherapy cycles was 4 (range: 1-6). A complete or partial response was obtained in 42 of the 96 (43.7 %) patients. One-third of the patients (32/96; 33.3 %) received second-line systemic therapy, specifically pemetrexed, erlotinib or taxanes. The median follow-up time was 9.9 months (range: 1-31.5 months).
The median age of operable NSCLC patients was 59 years (range 48-77 years), and 13 of 22 (59.1 %) were male. Nine of these 22 (40.9 %) patients had adenocarcinoma, and 10 (45.5 %) had squamous cell carcinoma histology. All patients were diagnosed with operable disease (stage I-III), had good performance status (PS≤1) and were treated with radical surgery.
BMI1 mRNA levels in peripheral whole blood of advanced NSCLC patients BMI1 mRNA expression in whole blood of advanced NSCLC patients was significantly lower compared with the control group consisting of healthy individuals and hospital-based controls (P<0.0001). The median BMI1 mRNA expression level in NSCLC patients was 0.633 (interquartile range 0.478-0.854) and in control group was 0.958 (interquartile range 0.783-1.211) (Figure 1 ).
Association between blood BMI1 mRNA levels and patient characteristics
No associations between BMI1 mRNA expression levels and patient clinical variables or tumor characteristics, i.e., age, sex, PS, smoking status, pathological type and number of metastatic sites, were found (all P≥0.05, Table 2 ).
Association between blood BMI1 mRNA levels and clinical outcomes
No association between BMI1 mRNA levels and response to first-line platinum-based chemotherapy was found (P=0.210; Fisher's exact test). Conversely, patients with low BMI1 mRNA expression had a shorter median progressionfree survival (PFS) (5.1 versus 6.9 months, P=0.049) and a shorter median overall survival (OS) (9.8 versus 14.1 months, P=0.012) compared with patients with high BMI1 mRNA expression (Figure 2 ). Multivariate Cox proportional hazards regression analysis adjusting for age, PS and number of metastatic sites revealed that a lower BMI1 mRNA level in whole blood is an independent prognostic factor for shorter PFS (HR=2.959; 95 % CI:1.274-6.849; P=0.012) and OS (HR=7.937; 95 % CI: 2.604-24.390; P<0.001) ( Table 3 ).
In addition, we evaluated if BMI1 expression level has a significant association with the response to chemotherapy and survival in patients treated with Six patients with NOS histology were excluded from the analysis. different platinum chemotherapy regimens, i.e. platinumpemetrexed (N=55) and platinum-gemcitabine (N=38 
BMI1 mRNA levels in primary tumors of operable NSCLC patients
To compare BMI1 mRNA expression between primary tumors and normal lung tissue, BMI1 mRNA expression levels were also measured in 22 pairs of primary NSCLC tumor and adjacent morphologically normal lung samples. We found that BMI1 mRNA expression in primary tumors was significantly decreased compared to normal lung tissue (P=0.001). Overall, 90.1 % (20/22) tumors displayed decreased BMI1 mRNA expression compared to adjacent normal lung tissue (Figure 3 ).
DISCUSSION
BMI1 belongs to the PcG family of proteins, which maintain gene repression through epigenetic chromatin modifications. These proteins have an essential role in maintaining cell identity, growth and differentiation [18] , which is reflected by the fact that an abnormal BMI1 expression pattern is linked to oncogenesis. To the best of our knowledge, this report is the first to describe the quantitative assessment of BMI1 mRNA levels in whole blood from NSCLC patients and evaluating the impact of the expression level on treatment response and prognosis.
Our results showed that BMI1 expression in whole blood of advanced NSCLC patients was decreased compared with the control group of patients. Consistent with this finding, we also found that BMI1 expression in primary tumors of operable NSCLC patients was decreased compared with expression in adjacent normal lung tissue. This result is in agreement with the results of survival analyses, in which we confirmed the positive association between high BMI1 expression in blood and longer PFS and OS in advanced NSCLC patients treated with platinum-based chemotherapy. The lack of association between BMI1 expression levels and response to first-line platinum-based chemotherapy observed in our study suggests more a prognostic than a predictive value for whole blood BMI1 expression in advanced NSCLC.
To date, results of research on BMI1 expression in lung cancer tissues are scarce and with conflicting findings. Two studies reported that BMI1 protein expression in primary tumor tissue is not a significant prognostic factor in NSCLC patients [24, 27] , whereas the results of two groups showed that high BMI1 protein expression is associated with unfavorable survival of patients with operable NSCLC [28, 29] . These controversial data indicate that further exploration of the role of BMI1 in lung cancer progression is necessary. However, it is known that decreased mRNA expression of PcG genes is associated with poorer tumor differentiation and unfavorable prognosis for NSCLC patients [30] ; this result complies with our finding that decreased BMI1 mRNA expression in peripheral whole blood of advanced patients is associated with a poor prognosis, potentially indicating the specific biological role of BMI1 in NSCLC progression.
In patients with uterine cervical or breast cancers it has been shown that high BMI1 mRNA expression in plasma is associated with poor survival [31, 32] . In addition, high BMI1 protein expression in primary tumors is associated with decreased survival of patients with lymphoma and in patients with liver or gastric cancers [22, 33, 34] . By contrast, the results of two large studies of breast cancer patients demonstrated that high BMI1 protein expression in the primary tumor is associated with a favorable prognosis [35, 36] , and similar results were obtained in glioblastoma patients [37] . Clearly, it appears that BMI1 is differently dysregulated in different types of cancer.
The results of our study did not reveal any association between BMI1 expression levels in whole blood and several clinico-pathological characteristics of patients (i.e., age, sex, PS, smoking status, pathological type). Unexpectedly, we also did not find any correlation between BMI1 expression levels and the number of metastatic sites, which could be explained by the low number of patients contained in the subgroup with more than three metastatic sites. This observation is similar to the result of Silva et al., who also failed to identify a correlation between BMI1 mRNA expression levels in the plasma of 111 patients with breast cancer and the disease stage and presence of metastases [32] . By contrast, Zhang et al. did confirm a positive association between a high plasma BMI1 mRNA level and the stage and spread of the disease in patients with uterine cervical cancer [31] . We also found no significant differences in BMI1 expression levels among patients with adenocarcinoma and squamous cell carcinoma histology. We could find no study in the literature comparing whole blood BMI1 expression levels between individual histological subtypes of lung cancer. However, the results of one study performed on tumor tissue samples indicated no significant difference in BMI1 protein expression between adenocarcinoma and squamous cell carcinoma [29] .
Platinum-based chemotherapies have long been used as a standard treatment in NSCLC. However, resistance to treatment is a major problem that restricts the efficacy of platinum-doublets. Recent in vitro studies had pointed out the possible involvement of BMI1 in the platinum and gemcitabine chemoresistance: Su et al. showed that reduced BMI1 expression induced cisplatin resistance by negatively regulating BMI1-ABCG2 signaling [38] . It has also been shown that BMI1 regulates intra-tumor RRM1 levels, which are predictive of gemcitabine therapeutic efficacy [39] . We therefore expected that BMI1 blood levels could be predictive for chemotherapy response. However, we did not find any association between BMI1 and response to first-line platinum-based chemotherapy. This association was also not found in the patient subgroup that received platinum-gemcitabine or the subgroup that received platinum-pemetrexed. Conversely, we confirmed the association between higher BMI1 level and better overall survival in both platinum-gemcitabine and platinum-pemetrexed subgroups of patients. Therefore, the association between BMI1 and survival does not seem to be predictive but prognostic and is not dependent on type of platinum-based doublet regimen.
In the present study, we used RT-qPCR for quantitative determination of BMI1 mRNA expression in blood and primary tumor samples. To the best of our knowledge, this study is the first to assess BMI1 mRNA expression levels in peripheral whole blood of patients with lung cancer. In the absence of any meaningful or predefined cut-off, we selected the observed median value as the cut-off; thus having a benefit in well balanced subgroups for analyses. Where possible (e.g. Cox regression) though, we used a continuous value of BMI1 mRNA expression level. However, in future studies, it will be necessary to identify and validate a better threshold for distinguishing between high and low BMI1 expression. Moreover, the majority of studies performed using primary tumors samples have applied IHC for determining BMI1 expression. Compared to the semi-quantitative protein expression scoring by IHC, the main advantage of RTqPCR is its ability to quantitate gene expression analysis. It has been speculated that because the BMI1 IHC signal is high in most cells, this could affect detection rates, precluding the reliable categorization of samples based on IHC [36] .
The detection of different splice variants could lead to contradicting data on BMI1 expression. It is known there are four transcript/splice variants of BMI1 gene, leading to different protein products (spanning from 12.2-36.9 kDa). The 36.9 kDa transcript is the only one to have the RING and the HT domain, which were shown to be necessary for the oncogenic activity of the BMI1 [40, 41] . The Taqman assay (Hs00180411_m1) used in our study was selected to primarily target 36.9 kDa protein (BMI1-001). This assay can also detect 17.4 kDa (BMI1-002) and 12.2 kDa (BMI1-008) splice variants. In the study performed by Zhang et al. [31] , primers for the detection of BMI1 gene also detect the same three transcripts and they demonstrated the association between increased circulating BMI1 mRNA and decreased survival of patients. However, this study was done in uterine cervical cancer and not in NSCLC as was the case for our study. An alternative method to confirm BMI1 expression in lung cancer tissue could be IHC. According to the Human Protein Atlas (http://www.proteinatlas.org), BMI1 protein expression in lung and respiratory epithelial cells is medium-high. On the other hand, in lung cancer tissue the BMI1 protein expression seem to be more variable and dependent on type of anti-BMI1 antibodies used for detection (HPA030472 antibody is much more sensitive as CAB011120 antibody). With reference to the above and maybe also in spite of splice variants, the data on BMI1 expression (RNA and protein) in lung cancer tissue need further consideration, which should also include the use of more standardize primers or antibodies for the detection of BMI1. There might also be some biological difference between protein and mRNA expression, possibly due to posttranscriptional modifications. Large scale genomic projects, such is The Cancer Genome Atlas (TCGA) could provide additional BMI1 expression data in lung cancer patients. However, the results of our limited search (data not shown) of BMI1 mRNA expression using cBioPortal for Cancer Genomics (http://cbioportal.org) did not reveal any association between BMI1 expression in lung cancer tissue and clinical parameters or survival. Nevertheless, additional in-depth analysis may provide more useful information.
BMI1 is an important regulator of cell proliferation. Identification of factors modulating BMI1 expression has generated major clinical interest. There are several mechanisms proposed which could affect BMI1 expression: A very recent report showed C/EBPα protein contributes to inhibit BMI1 expression, suggesting anti-BMI1 inhibition may provide new therapeutic option for lung adenocarcinoma patients with low C/EBPα and high BMI1 expression [42] . It is also known that polycomb gene with tumor suppressor activity MEL-18 down regulates BMI1 expression in breast and gastric carcinoma [43] . Other studies show BMI1 copy number in NSCLC is unchanged [27] , whereas chromosomal aberrations that may result in up-regulation of BMI1 were shown in leukemia [44] . It is evident that BMI1 gene dosage is a critical checkpoint that lung cells must overcome to achieve transformation, but nevertheless, mechanisms controlling BMI1 regulation in lung cancer and other epithelial tumors remain un-identified.
In conclusion, the results of our study showed that BMI1 mRNA expression levels in whole blood of NSCLC patients were decreased compared with controls and had an independent prognostic value for patients with advanced NSCLC treated with platinum-based chemotherapy. Therefore, the level of BMI1 mRNA expression might be used as new non-invasive prognostic marker. Importantly, patients with high BMI1 expression had better prognosis compared with patients with low BMI1 expression. Consistent with this finding, we showed that BMI1 expression in NSCLC primary tumors was reduced compared to normal lung tissue, together suggesting that reduced BMI1 expression is associated with NSCLC oncogenesis. Additional studies are needed to gain more insight into the molecular mechanisms of BMI1 regulation, to explain the role of BMI1 in the course of the disease, further confirm its utility as a biomarker for diagnosis and prognosis and, finally, to define its potential as a possible target for novel treatments.
MATERIALS AND METHODS
Patients and collection of samples
Ninety-six consecutive patients with chemotherapynaïve EGFR mutation-negative advanced NSCLC who were treated with standard first-line platinum-based chemotherapy were enrolled for determining BMI1 mRNA expression levels in peripheral whole blood. Twenty-two consecutive patients with operable NSCLC who were treated with radical surgery were enrolled for evaluating BMI1 mRNA expression levels in tumors and in matching morphologically normal lung tissue. Patients with a history of other malignancies were excluded. All patients enrolled in this study had pathologically confirmed NSCLC and were treated and followed-up at University Clinic Golnik or Institute of Oncology Ljubljana. Platinum-based schemas were used in standard dosages, determined in the pivotal registration trials and recommended by the drugs labeling and clinical guidelines (https://www.nccn.org). Accordingly, the majority of patients with non-squamouscell histology received platinum-pemetrexed while all patients with squamous-cell histology received platinumgemcitabine chemotherapy regimen. Tumor response to platinum-based chemotherapy was evaluated according to Response Evaluation Criteria In Solid Tumors (RECIST), version 1.1 [45] . The duration of treatment was according to the standard clinical guidelines, i.e. until progression (by RECIST) or unacceptable toxicity. Data were collected for age, sex, performance status [46] , smoking status, sites of metastases, type of chemotherapy and number of cycles received, response to chemotherapy and survival. Additionally, 36 healthy blood donors and 28 hospitalbased controls with no history of malignant disease, matched with patients according to sex and age, were selected. The hospital-based controls included individuals suffering from advanced chronic obstructive pulmonary disease (COPD) (7), asthma (10) and sarcoidosis (11).
Whole blood (2.5 ml) was collected before the first cycle of chemotherapy (patients) or at routine examination (controls) into PAXgene blood tubes (PreAnalytiX GmbH, Hombrechtikon, Switzerland), containing a proprietary solution that reduces RNA degradation and gene induction [47] . To avoid contamination of the blood sample with skin cells, all blood samples were obtained after the first 5 ml of blood was discarded; samples were stored at −40°C until RNA isolation. Tissue samples were obtained immediately after surgery by a pathologist and stored in RNAlater (Qiagen GmbH, Hilden, Germany) at − 40°C until RNA isolation.
This study was approved by the Slovenian National Committee for Medical Ethics, protocol number 40/04/12. Written inform consent was obtained from each participant before entering the study.
RNA isolation and cDNA synthesis
Total RNA from tumor and normal tissue samples was extracted using a miRNeasy Mini Kit (Qiagen) according to the manufacturer's instructions. RNA from peripheral whole blood samples was extracted using a PAXgene Blood miRNA Kit (PreAnalytiX) as previously described [48] . Briefly, all RNA samples were treated with RNase-free DNase (Qiagen) and reverse transcribed to cDNA using high-capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA). www.impactjournals.com/oncotarget
RT-qPCR
Quantification of cDNA was performed by RTqPCR (ABI PRISM 7500 Real-Time PCR System; Applied Biosystems) under standard conditions utilizing TaqMan Universal PCR Master Mix II (Applied Biosystems). TaqMan assay BMI1 (Hs00180411_m1) was utilized to quantify BMI1 mRNA expression levels. All measurements were performed in triplicate for each sample, and relative expression was analyzed using the ΔΔCt method [49] . Through this method, the amounts of target gene mRNA were normalized to an endogenous control and related to a calibrator sample using the formula RQ sample= 2 -(ΔCt sample-ΔCt calibrator)
. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH; 4333764) was used as an endogenous control (Applied Biosystems). A pooled control sample generated by mixing RNA obtained from blood samples from 10 healthy controls at equal concentrations was used as a calibrator.
Statistical analyses
Comparison of BMI1 mRNA expression levels between groups (controls, normal lung) was assessed by the Mann-Whitney U test or Wilcoxon test, as appropriate. The relationship between BMI1 mRNA expression levels and patient characteristics was evaluated using Fisher's exact test. OS was defined as the period of time in months from the date of diagnosis to the date of death; PFS was defined as the period of time in months from the beginning of platinum-based chemotherapy to the date of progression or death. The optimal cut-off value between low and high BMI1 mRNA expression level was set at the median (0.663). Survival probabilities, OS and PFS, were estimated by the Kaplan-Meier method, and the log-rank test was used to compare different categories. The Cox proportional hazards regression model was employed to identify the prognostic value of continuously distributed BMI1 mRNA expression levels in univariate and multivariate analysis. A P-value below 0.05 was considered to be statistically significant. All statistical analyses were carried out using SPSS (version 21, Chicago, IL, USA) and GraphPad Prism software (version 5, San Diego, CA, USA). All reported P-values are two-tailed. 
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